An important event in organogenesis is
floor plate of the neural tube, the isthmus at the mid-hindbrain boundary, and the enamel knot (EK) in the developing tooth (1) (2) (3) (4) . Identifying the developmental origin of signaling centers, as well as their subsequent cell fate, is an important step in our quest to understand the morphogenetic processes underlying organ formation. Lineage tracing provides a powerful approach to track cells of interest (5) and previously has been used to follow cells from several signaling centers, such as the apical ectodermal ridge, the ZPA, the floor plate, Hensen's node, and the isthmus (6 -11) . Despite these efforts, there is still much to learn about how signaling centers arise, and the dentition provides an excellent system to address this.
A central feature of the developing tooth are interactions between the dental epithelium and the underlying mesenchyme as the tooth germ undergoes a series of morphological changes and transitions through placode, bud, cap, and bell stages (Fig.  1, A-C) . This epithelial-mesenchymal interaction depends on the formation of a number of signaling centers. For instance, in the placode stage beginning at E11, several signaling molecules, such as Shh, Wnt10b, and Bmp2, are expressed in the dental epithelium (12) (13) (14) , and these early expression domains correlate to rudimentary primordia of both the incisor (front teeth) (15, 16) and the molar (back teeth) (17) ; adult mice do not have canine or premolar teeth, although rudimentary tooth buds corresponding to premolars have been reported (17) (18) (19) (20) . As development progresses through later stages, additional distinct signaling centers are then formed. At E12.5, a signaling center is observed in the anterior portion of the developing tooth bud and expresses genes encoding several signaling molecules, including Shh (15, 16, 21) . In the incisor, this signaling center is known as the initiation knot (IK) and is located at the junction between the tooth germ and the vestibular lamina that becomes the future cleft between lips and teeth (22) . The IK is composed of non-proliferative cells and has been shown to regulate the size of the early tooth germ (Fig. 1, A and D) (23) . At the cap stage, a second signaling center, called the EK, is formed. Similar to the IK, the EK is characterized by an array of signaling molecules, such as Shh, Bmp4, Bmp7, Wnt10a/b, Fgf4, and Fgf20, as well as the cell cycle inhibitor p21 (Fig. 1 , B, C, and E) (4, 24 -26) . However, several differences exist between the molar and incisor EKs related to the distinct geometries of the developing structures. For example, the molar primary EK disappears as a result of apoptosis and is subsequently succeeded by the secondary EKs, which produce a similar complement of signaling molecules as the primary EK and plays a role in defining future cusp positions (4, 27, 28) . In contrast, only one EK is formed in the incisor (29) . These differences reflect the eventual morphological distinctions between multicuspid molars and unicuspid incisors and point to the functional significance of the EKs during tooth morphogenesis.
One potential mechanism for EK formation is through recruitment of cells from the IK, as the two signaling centers share many common features, and IK cells that are genetically labeled using Shh CreER appear to give rise to the EK (16) . However, it is possible that the labeling of the EK observed previously could result from tamoxifen that persisted in the animal as a result of the high dosage administered. A second potential mechanism for generating the EK is by means of de novo formation. This idea was supported by a recent study that combined live imaging and the use of Fucci (fluorescent cell cycle indicator)-red reporter mice to track G 0 /G 1 cells, which found that the EK is formed in situ as opposed to being derived from the IK (23) . However, as IK cells are not permanently labeled in this experiment and only G 0 /G 1 cells are tracked, it does not exclude the possibility that IK cells re-enter the cell cycle prior to contributing to the EK, thus eluding tracking by live imaging. As a result, the lineage connection between the IK and the EK remains an open question.
To definitively understand the lineage relationships between serially formed signaling centers, we utilized tamoxifen-inducible genetic lineage tracing and DiI labeling to track the cell fate of different populations in developing teeth. We found that there are at least two ways that new signaling centers are established. The first is exemplified by the incisor EK, which is formed de novo from E12.5 posterior ventral basal cells that are distinct from progeny of the IK. The second mechanism is by incorporating progeny from previously formed signaling centers, a process employed during formation of the molar buccal secondary EK.
Results

Shh expression marks distinct signaling centers in developing incisors
Shh is expressed during the early stages of tooth development and is essential for proper tooth morphogenesis (30) . Although Shh expression is well studied in the developing molar (31, 32) , its expression pattern in the incisor tooth germ across different developmental stages at a histological level has not been documented in as much detail. Therefore, we first set out to examine the expression of Shh by means of section in situ hybridization at several stages of early incisor development. At E12.5, a Shhexpressing domain corresponding to the IK was present in the anterior incisor adjacent to the vestibular lamina (Fig. 1D ). This expression pattern remained unchanged at E13, despite the increased tooth germ size (supplemental Fig. S1A ). However, at E13.5, a new Shh-expressing region, marking the newly formed EK, was observed in the posterior dental epithelium, which was distinct from the IK; no Shh-positive cells could be detected between the IK and the EK (Fig. 1E and supplemental Fig. S1B ). At this stage, Shh expression in the IK began to quickly downregulate and could no longer be observed at later time points (supplemental Fig. S1B ). Finally, at E14.5, instead of being restricted to the EK region, the posterior Shh expression expanded laterally and was present in the cells of the inner enamel epithelium (Fig. 1F ). These cells eventually become ameloblasts and the stellate reticulum, a population of cells that lies underneath the enamel epithelium. A-C, schematic depiction of incisor development on sagittal sections. At E12.5, the dental epithelium (blue) invaginates into the underlying dental mesenchyme (yellow), forming a tooth bud. The initiation knot (light purple), which is the early signaling center of the incisor, is located at the anterior part of the incisor adjacent to the vestibular lamina (VL) (A). By E13.5, the tooth bud folds into a cap shape and the enamel knot (purple) forms (B). At E14. Based on these results, we labeled IK cells by providing 0.8 mg/30 g body weight of tamoxifen to female mice carrying E11.5 Shh CreER ; R26R mTmG embryos. We observed GFP-positive cells in the IK at the junction of the vestibular lamina and the incisor tooth germ at E12.5 ( Fig. 1, G and H) . Interestingly, at both E13.5 and E14.5, the EK was devoid of GFP-positive cells, although GFP-expressing cells were still present in the anterior tooth germ where the IK was previously located (Fig. 1,  I and J). Similarly, three-dimensional (3D) reconstruction of lineage traced samples using 2-photon microscopy also showed negative labeling within the EK region (supplemental Movies S1-S3), indicating that EK cells are not descendants of IK cells.
Incisor EK cells are not derived from the IK
Incisor EK cells are derived from the lower posterior basal cells of the tooth bud
The results above point to the possibility that the EK is formed de novo from non-signaling cells and that EK cells may descend from the posterior portion of the incisor tooth germ. We tested this idea by first utilizing Sox2 CreER ; R26R mTmG embryos for lineage tracing, as Sox2 is expressed exclusively in the posterior tooth germ at E12.5 ( Fig. 2A) . To that end, we induced the Cre recombinase activity at E11.5 and were able to label the posterior region of the tooth germ at E12.5 (Fig. 2 , D-EЈ). At E13.5, 48 h after Cre induction, GFP expression could be observed in both the basal and suprabasal cells of the posterior tooth germ (Fig. 2, F and FЈ) . Importantly, several cells in the EK, as marked by the EK marker p21 (4), also expressed membrane EGFP (Fig. 2, F and FЈ) , indicating that at least some of the EK cells are derived from the E12.5 posterior incisor epithelium. Of note, whereas some of the p21-positive cells were GFP-negative and could arise from a non-Sox2-expressing population, this mosaicism is likely due to varied CreER recombination in different cells. Similar lineage tracing results were obtained at E14.5, where GFP-positive cells became more widely distributed in the EK (Fig. 2 , G and GЈ). This finding was unlikely to be confounded by delayed recombination taking place within the EK at E13.5 or E14.5 as a result of residual tamoxifen, as Sox2 is not normally expressed in the EK at these stages (Fig. 2 , B and C) (34, 35) .
The Sox2CreER lineage studies demonstrated that the posterior incisor epithelium is the source of the EK cells, but they could not resolve the exact origin of these cells because of the relatively broad expression of Sox2. Injection of the lipophilic vital dye DiI allows accurate and specific marking of a subgroup of cells that could not otherwise be distinguished from neighboring populations using genetic labeling due to the lack of cell-specific markers. The combination of DiI labeling with tissue slice culture thus provides a powerful approach to lineage trace any region of interest over a period of time (36 -39) . To that end, we injected DiI to E12.5 K14 -actin-GFP mandible slices, which express GFP in the oral epithelium, enabling easy visualization of the tooth germ and accurate injection at the target site (Fig. 3A) . Injection was carried out at four distinct locations: 1) the vestibular lamina/tooth germ junction that corresponds to the IK region (Fig. 3B) ; 2) the basal cells of the posterior dorsal half of tooth germ (Fig. 3C); 3) the basal cells of the posterior ventral half of tooth germ (Fig. 3D) ; 4) the ventral most basal cells (Fig. 3E) . We then followed the movement of these cells in the GFP-positive epithelium for 2 days in culture (Fig. 3, F-I ). Consistent with ShhCreER lineage tracing, DiIlabeled IK cells remained locally restricted and did not give rise to the EK, which can be visualized by Shh in situ hybridization (Fig. 3J ). In comparison, many labeled tissues in the ventral tip or posterior dorsal portion of the tooth germ could be found to contribute to the stellate reticulum (suprabasal) region of the developing tooth bud after 48 h of culturing, although none moved to the EK (Fig. 3, K and M) . In contrast, basal epithelium located in the posterior ventral portion of the tooth germ consistently give rise to parts of the EK, as demonstrated by overlapping DiI signal with Shh expression (Fig. 3L ).
EK cells give rise to some ameloblasts but not to stem cells
Although the production of ligands from signaling centers is critical for organ development, timely termination of the signaling events is also an integral part of the regulatory process. One avenue for achieving this is by eliminating signaling cells through apoptosis, such as in the anterior neural ridge of the brain and the primary EK in the molars (4, 40, 41) . To investigate whether incisor EKs undergo similar self-destruction, we performed terminal deoxynucleotidyl transferase (TdT) dUTP 
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Nick-End Labeling (TUNEL) staining and found that, although no apoptosis could be detected in the EK at E13.5 and E14.5, there was a slight increase in the number of apoptotic cells at E15.5 (6 Ϯ 2.16 apoptotic cells per section, n ϭ 4) (supplemental Fig. S3, A-C) . This result is similar to what has been reported (42) , although in some studies apoptosis has been observed at E13.5-E14 (29, 42) , potentially due to differences in genetic backgrounds. The amount of apoptosis we observed then became diminished at E16.5, with the EK morphological bulge still retained (supplemental Fig. S3D) . As a result, at least a small portion of the incisor EK was removed through cell death. However, as not all EK cells undergo apoptosis, we hypothesized that they could be incorporated into the developing epithelium and performed lineage tracing to track the fate of EK cells.
Because Shh is a key marker of the EK, we again used the Shh CreER ; R26R mTmG line to address this question (Fig. 4C) . We first performed lineage tracing by gavaging 0.8 mg/30 g body weight of tamoxifen to pregnant females carrying E12.5 embryos to label the EK at E13.5 without marking non-EK cells that begin to express Shh at E14.5. However, this labeling protocol yielded few GFP-positive cells in the EK at E13.5 and E14.5 (data not shown), suggesting that the denser and non-proliferating EK cells may only undergo efficient recombination when a higher concentration of tamoxifen is used. To circumvent this, 2.5 mg/30 g body weight of tamoxifen was administered at E11.5 (Fig. 4A) , 72 h prior to the onset of Shh expression in non-EK cells; as at this concentration, recombination can be induced within a 48-h window after tamoxifen treatment (supplemental Fig. S2F ) but is undetectable at later time points (supplemental Fig. S4, A-C) , allowing us to label and track the fate of EK cells (Fig. 4, B and C) . Using this regimen, we found that the movement of the EK cell progeny was relatively constrained (Fig. 4, D and F) , although a small portion of the cells expanded beyond the EK bulge as ameloblasts in the labial epithelium at E16.5 (Fig. 4, D and DЈ) . By E18.5, these EK-derived ameloblasts were largely lost, with only a few cells remaining in the epithelium (Fig. 4, F and FЈ, and supplemental Fig. S4, D-F) . Importantly, no GFP-positive cells could be discerned in the structure at the growing end of the labial epithelium, known as the cervical loop (Fig. 4, E and G) , which houses dental epithelial stem 
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Molar anterior buccal secondary EKs are derived from primary EKs
Our finding that the incisor EK progeny persist throughout the prenatal period and can give rise to some ameloblasts then raise the question of whether molar EKs can similarly do so, despite previous reports showing that molar primary EKs undergo apoptosis and are eliminated afterward (4, 25) . We tested this by giving 1.25 mg/30 g body weight tamoxifen to Shh CreER ; R26R mTmG embryos at E13.5 to genetically label the primary EK that can be observed at E14.5 (Fig. 5, A, B, D, and E) . We chose this tamoxifen concentration because this is the lowest dosage that is able to efficiently induce recombination in the molar primary EK. In addition, as CreER recombination could not be detected in the dental epithelium 48 h after tamoxifen treatment (supplemental Fig. S5, A and B) , we were able to lineage trace primary EKs without marking non-EK cells in the inner enamel epithelium that begin to express Shh at E15.5. Using this method, we found that at E16.5, when secondary EKs are formed (Fig. 5C) , progeny of the primary EK, as marked by GFP signals, is no longer restricted to the primary EK region but populate toward the buccal side of the epithelium. This is in contrast to the lingual inner enamel epithelium and stellate reticulum, where few GFP-positive cells were observed, despite strong Shh expression (Fig. 5, F and G) . The distribution of GFP-positive cells at this stage also suggests that progeny from the primary EK may contribute to the buccal secondary EK. To confirm this, we performed dual GFP immunostaining and in situ hybridization for Fgf4, a secondary EK marker, which showed that portions of the buccal secondary EK were composed of progeny from the primary EK (Fig. 5, H and I) . This asymmetry of GFP-positive cells in the buccal and lingual epithelium persisted at postnatal day 0 (P0), as a number of GFPpositive ameloblasts and stellate reticulum cells were observed in and near the forming anterior buccal cusps, but not in the lingual or posterior cusps ( . Together, these results show that in the molar, the primary EK cells give rise to parts of the buccal secondary EK, and these eventually contribute to molar ameloblasts and stellate reticulum cells.
Discussion
As specialized structures for ligand secretion, signaling centers must form in specific locations within developing organs to accurately pattern or regulate morphogenetic events. It is therefore important to understand the origin of signaling center cells. Here, using the mouse tooth as a model system, we found that there are at least two ways that new signaling centers are established. The first is through a de novo mechanism, as in the incisor EK, where a group of progenitor cells are induced locally to become specialized in signal secretion. The second mechanism is exemplified by the molar anterior buccal secondary EK and is by incorporating progeny from previously formed signaling centers.
We clarified the lineage relationship between the IK and EK, first by genetic lineage tracing of Shh CreER ; R26R mTmG embryos and then by DiI labeling. Using these methods, we demonstrated that EK cells are not descendants of the IK. This result differs from an earlier study, where EK cells were clearly labeled after ShhCreER induction in the IK (16) . However, these differences can be attributed to the more concentrated tamoxifen (9 mg/40 g body weight) used in the previous report, as well as its method of delivery using intraperitoneal (i.p.) injection (16) . Indeed, when we gavaged mice with a higher concentration of tamoxifen (2.5 mg/30 g body weight) to induce ShhCreER recombination at E11.5, GFP-positive cells were apparent in the EK both at E13.5 and E14.5 (supplemental Fig. S2, D, F, and G) , likely as a result of prolonged tamoxifen activity that could now activate ShhCreER in the forming EK. Importantly, both high and low tamoxifen dosage used in this study labeled the same number of cells in the IK at E12.5 (supplemental Fig. S2, E and  H) , suggesting that the lack of EK labeling in embryos treated 
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with a low dosage of tamoxifen was not due to insufficient marking of early progenitor cells. It should be also noted that when a high concentration of tamoxifen (2.5 mg/30 g body weight) was given to E10.5 embryos, we could no longer detect Cre recombination in the EK at E13.5 and E14.5 (supplemental Fig. S4, A-C) , despite labeling of IK cells, further indicating the de novo formation of the EK. Our results here also provided the kinetics of tamoxifen efficacy at 2.5 mg/30 g body weight, where tamoxifen is most effective in the dental epithelium within a 48-h window and its ability to induce CreER recombination is markedly reduced afterward, a result that is consistent with a previous study using 3 mg/40 g body weight of tamoxifen to study the origin of the oral vestibule (44) . Last, the kinetics of tamoxifen is also determined by its delivery method, as tamoxifen administered through i.p. injection persists longer in the system than when gavage is used, and continues to activate CreER recombination in the dental epithelium even after 72 h post-injection (data not shown). Together, these results argue that EK cells are not derived from IK cells, and they demonstrate the importance of appropriate tamoxifen dosage for temporal control of lineage tracing.
Using Sox2 CreER lineage tracing and DiI labeling, we subsequently found that incisor EK cells were derived from a group of basal cells present in the posterior lower tooth bud. This result is concordant with work done by Ahtiainen et al. (23) , and together our data support a model where incisor EK cells are derived through a de novo mechanism at E12.5. Interestingly, the primary EK of the molar may be formed in a similar fashion, as it has been postulated that progenitors of the primary EK are located at the ventral tip of the bud prior to its formation (25) , and DiI labeling of basal cells in this confined space resulted in labeling of the presumptive EK region at later stages (38) . Future experiments to confirm these findings will rely on identification of markers of this pre-EK region to perform genetic labeling of these cells. Furthermore, as current EK markers, such as Shh and Bmp4 (25, 45) , are expressed after the EK has formed, genetic tools based on pre-EK-specific markers will also allow us to manipulate the EK prior to its formation without affecting the rest of the dental epithelium.
Given that Shh has been reported as a key signaling molecule of the EK, it provides a genetic driver to also assess the fate of the EK cells by means of lineage tracing. In the incisor, the labeled EK cells were detected at the anterior epithelium, which is similar to previous reports using BrdU labeling for lineage tracing the non-proliferative EK cells (28) . Importantly, no labeled cells were observed in the cervical loop (Fig. 4) . Our observation supports a recent model that postulates a dependence on embryonic ameloblast progenitor cells located in the anterior epithelium for the initial production of differentiated ameloblasts (43) . This model proposes that the subsequent generation of ameloblasts is effected by a distinct group of progenitor cells in the cervical loop that remain as stem cells for the continuous renewal of the incisor. Consequently, cells from the EK are contributors to the early ameloblasts, which are later replaced by stem cell-fueled tooth growth.
In the molar, although the primary EK ceases to exist around E15 (4, 46), we found its descendants in the buccal stellate reticulum (suprabasal cells) and secondary EK during the late cap stage to early bell stage (Fig. 5) . The observation of EK progeny in the suprabasal layer is consistent with a recent report showing similar cell movements, demonstrating that cells from the basal dental epithelium can contribute to the stellate reticulum compartment (47) . The notion that the secondary EK is derived from the primary EK is also supported by a previous study that set out to lineage trace BrdU-negative primary EK cells (28) . However, in these studies, both lingual and buccal secondary EKs appeared to contain cells from the primary EK, and this difference can be explained by distinct labeling methods. Indeed, primary EK cells labeled by DiI were shown to move mainly to the buccal EK (37) , thus approximating what we have observed here.
In summary, the data reported here demonstrate that EK progenitor cells are distinct from those present in the early IK signaling center, as the former were found to originate from the ventral-posterior basal layer of the incisor epithelium. The de novo derivation of the IK and the EK thus bears similarities to the formation of other signaling centers, such as the ZPA and the isthmus, which are formed locally in a developing organ. However, this mode of development differs from the formation of the molar buccal secondary EK, which includes descendents of an earlier signaling center, the primary EK. This lineage relationship between two signaling centers has also been shown in the lineage propagation from Hensen's node to the floor plate of the neural tube, where cells exiting from Hensen's node give rise to the floor plate (48) . Consequently, signaling centers are formed through two distinct mechanisms, one by specifying a group of progenitor cells to form the entire signaling center and the other by incorporating progeny from an earlier signaling center. In the case of the molar, it is tempting to speculate that during evolution, primary EK cells were repurposed to form some of the secondary EKs that are critical for determining cusp positions and hence the shape of the tooth.
Experimental procedures
Animals
Shh
CreER (6) , Sox2 CreER (49) , R26R mTmG (50) , and K14 EGFP/Actb (51) mice were maintained on a mixed background of C57BL/6 and CD-1 and genotyped as reported. Mice were mated overnight, and the presence of a vaginal plug on the next day indicated E0.5. Tamoxifen was administered by oral gavage to pregnant females at a dose of 0.8, 1.25, or 2.5 mg/30 g body weight at the indicated time points. Pregnant mice were euthanized by CO 2 followed by cervical dislocation. After removing the embryos from the uterus, wet body weight was determined immediately to optimize comparison between litters. All mouse work was approved by UCSF Institutional Animal Care and Use Committee.
Slice culture
Mandibles were dissected from E12.5 embryos and directly embedded in 6% low-melting agarose (Invitrogen, UltraPuret Agarose). The samples were cut in a series of 200-m sagittal sections with a speed of 4.5 and a vibration frequency of 5.5 using the Leica VT1000 S vibrating blade microtome (Leica Microsystems GmbH). The slices were then transferred on top of a cell culture insert (Millicell), and cultured at the interface of Lineage tracing tooth signaling centers air and media (Dulbecco's modified Eagle's medium, F-12 (DMEM/F-12) with 1% penicillin-streptomycin (Sigma)) at 37°C and 5% CO 2 . After the culture, slices were fixed in 4% paraformaldehyde (PFA) and dehydrated in 100% MeOH for whole mount in situ hybridization and image analysis.
DiI labeling
DiI was kept as a stock solution (1 mg/ml of DiI in 100% DMSO) at Ϫ20°C. Before use, the stock solution was dissolved 1:5 in 0.3 M filter-sterilized sucrose. Microinjection was performed using a capillary tubing (Borosil 1.0-mm OD ϫ 0.75-mm ID/Fiber, FHC) that is connected to a micromanipulator (WPI, KITE-R) and a microinjector (Eppendorf, 5242). The sliced tooth germs were cultured in vitro, and the displacement of the DiI-labeled cells was observed after 24 and 48 h using a Leica MZ16F stereomicroscope equipped with a Leica DFC310 FX digital color camera.
Immunofluorescence staining
Tissue was prepared for paraffin sections by fixing embryonic heads or postnatal jaws in 4% PFA and then decalcifying in RNase-free EDTA for 3-5 days. Samples were embedded in paraffin and then sectioned at 7 m. Paraffin sections were rehydrated, and antigen retrieval was performed by incubating in pH 6.2 citric buffer containing 10 mM citric acid, 2 mM EDTA, 0.05% Tween 20 just below boiling temperature for 15 min followed by a 30-min cool-down to room temperature. Primary antibody against GFP (1:500, Abcam, ab13970) and p21 (1:100, BD Transduction Laboratories, 556431) was used. Washes in PBST (3 ϫ 5 min) were followed by incubation with secondary antibodies conjugated with Alexa Fluor 488 (1:250, Invitrogen) or Biotin (1:1000, Vector). TSA kit (PerkinElmer Life Sciences) was used for signal amplification for p21 detection. TUNEL staining was performed according to manufacturer's instructions (Sigma). Nuclear counterstaining was performed with DAPI (Invitrogen) and mounted with Prolong Gold antifade reagent (Invitrogen). Images were taken using a Leica DFC500 camera with a Leica DM 5000B microscope or Leica-SP5 confocal microscope.
In situ hybridization
RNA in situ hybridizations were performed either on paraffin sections or tissue slices according to standard protocols using digoxigenin-labeled probes (43, 52) .
Mandible epithelium-mesenchymal dissociations
Mandibles were dissected in Hanks' medium and treated with 10 mg/ml of Dispase II (Roche Applied Science) at 37°C for 45 min to 1 h, depending on embryonic stages. After Dispase treatment, epithelium was carefully pulled apart from the mesenchyme in Hanks' medium and fixed for 30 min in 4% PFA, then stored in 1% PFA at 4°C until imaging.
3D reconstruction
The dissociated epithelia were embedded in 1% low-melting agarose. Z-stacked images were taken using a Nikon A1R 2-photon microscope and 3D reconstructions were made using Imaris.
Statistics and reproducibility
All experiments were repeated at least three times with similar results and representative images were shown here. Three to four litters were collected for each time point and for different tamoxifen dosage administration. More litters were collected when only 1-2 CreER-positive embryos were present in one litter. Data were shown as mean Ϯ S.D. p values were derived from using unpaired two tailed Student's t tests. 
